The main aim of the T2K experiment in Japan is to discover CP violation in the leptonic sector by measuring the Dirac phase δCP . For that purpose T2K has already started collecting data in both neutrino and antineutrino mode. But in this work we will show that, in T2K the main role of the antineutrinos is to resolve the octant degeneracy. If the octant is known then the pure neutrino run of T2K is capable to give the maximum CP sensitivity. On the otherhand in the experiment like NOνA, antineutrinos are still useful even when octant is known. Thus we propose that let T2K run in the dominant neutrino mode whereas the antineutrino component of the other experiments can resolve the octant degeneracy in T2K. As an example we show that if T2K is combined with the experiments NOνA and ICAL@INO, then T2K will have the potential to discover CP violation with maximum sensitivity in the dominant neutrino mode.
Introduction
Neutrino oscillation is a quantum mechanical interference phenomena in which neutrinos with one flavour evolve into another flavour over microscopical distance and time. In standard three flavour scenario, mathematically neutrino oscillations can be described by three mixing angles (θ 12 , θ 13 , θ 23 ), two mass squared differences (∆m 2 21 , ∆m 2 31 ) and one Dirac type CP phase δ CP . The measurement of θ 12 and ∆m 2 21 comes from solar and KamLAND data 1 whereas the parameters ∆m 2 21 and |∆m 2 31 | are measured by the accelerator 2 and atmospheric neutrino experiments 3 . The The smallest mixing angle θ 13 has been measured quite recently by the shortbaseline reactor experiments 4 . At present the task of the current /next generation experiments is to measure the following unknown parameters: (i) neutrino mass hierarchy i.e, ∆m 2 31 > 0 so called normal hierarchy (NH) or ∆m 2 31 < 0 so called inverted hierarchy (IH), (ii) the octant of the mixing angle θ 23 i.e., θ 23 < 45 • so called lower octant (LO) or θ 23 > 45 • so called higher octant (HO) and (iii) the value of the Dirac CP phase δ CP . In this paper we will study the role of antineutrinos in T2K to discover CP violation in the leptonic sector.
The T2K experiment
T2K is a long-baseline neutrino oscillation in Japan 5 . In this experiment muon neutrinos which are produced in the JPARC facility are detected at Kamioka after traveling a distance of 295 km. This experiment has already seen events in both neutrino and antineutrino mode of running and now it is collecting more data to establish the CP violation in the leptonic sector on a firm footing. The CP sensitivity of the T2K experiment comes from the electron neutrino appearance channel given by: +αs 13 sin 2θ 12 sin 2θ 23 cos(∆ + δ cp )
where s ij (c ij ) = sin θ ij (cos θ ij ), α = ∆m 2 21 /∆m 2 31 , ∆ = ∆m 2 31 L/4E, and A = 2EV /∆m 2 31 , where
eV is the Wolfenstein matter term. The above equation is for neutrinos. The probability of the antineutrinos can be obtained by replacing A → −A and δ CP → δ CP . As the sign of δ CP is opposite in neutrinos and antineutrinos, we understand that it is very important to have data from antineutrino run of T2K to establish CP violation in the leptonic sector on a firm footing. But apart from that one also needs to understand how antineutrinos help in the improvement of CP sensitivity. We know that CP sensitivity of T2K is suffered by parameter degeneracy 6 . In parameter degeneracy, two sets of oscillation parameter give rise to equal value in the neutrino oscillation probability which makes it difficult to determine neutrino oscillation parameters uniquely. In recent data, there are two types of parameter degeneracy: (a) hierarchy-δ CP degeneracy 7 and (ii) octant-δ CP degeneracy 8 . It is well known that hierarchy-δ CP degeneracy behaves similarly in neutrinos and antineutrinos but the dependence of octant-δ CP degeneracy in neutrinos is different than antineutrinos. Thus we expect that antineutrinos will play a very important role in resolving the octant-δ CP degeneracy. In the next section we will study how antineutrinos help in the CP sensitivity by ruling out the wrong octant solutions.
Sensitivity of T2K
The CP violation (CPV) discovery χ 2 is defined as the capability of an experiment to distinguish a true value of δ CP other than 0 • and 180 • . In the upper panels of Fig. 1 we have plotted the CPV discovery χ 2 of T2K for a total exposure of 8 × 10 21 protons on target (pot). We have divided this exposure among neutrinos and antineutrinos in units of 10 21 pot. An exposure 8+0 means, T2K runs in pure neutrino mode. Fig. 1 is for NH-LO i.e., ∆m 2 31 = +2.4 × 10 −3 and θ 23 = 39 • . In the left panel octant is assumed to be known and in the right panel octant is unknown. From the plots we notice that antineutrinos helps in the CP sensitivity if octant is unknown. However if octant is known then adding antineutrino run causes a decrease in the sensitivity. This is because replacing neutrinos by antineutrinos reduces the statistics in a significant way. But this is not the case for NOνA. NOνA is another long-baseline experiment in Fermilab having a baseline of 812 km 9 . In the lower panels of Fig. 1 we see that for NOνA antineutrinos help in improving the CP sensitivity even when octant is unknown. This lies in the fact that for T2K the flux and oscillation maxima peaks at the same energy but for NOνA, the flux and oscillation maxima corresponds to different energy. In Fig. 2 , we have plotted the same as that of Fig. 1 , but for all the four combinations of hierarchy and octant. Here IH corresponds to ∆m 2 31 = −2.4 × 10 −3 and HO corresponds to θ 23 = 51 • . From the plot we see that antineutrino helps only for −90 • -NH-LO and +90 • -IH-HO. Thus we conclude for T2K, antineutrinos help only in a limited parameter space. To overcome this problem we suggest that let T2K run in the dominant neutrino mode whereas antineutrinos from the other experiments can compensate the antineutrino runs of T2K. In the next section we discuss the combined CP sensitivity of the T2K, NOνA along with the atmospheric neutrino experiment ICAL@INO. ICAL is a proposed experiment in India which will use a 50 kt magnetized iron calorimeter detector to study oscillation of the neutrinos coming from Earth's atmosphere 10 .
In Fig. 3 , we have plotted the combined CP sensitivity of T2K, NOνA and ICAL for all the four true combinations of hierarchy and octant. From the plots we see that when these experiments are added to T2K data, the best CP sensitivity of T2K comes from the 7+1 combination for every true combination of hierarchy and octant.
Conclusion
In this paper we have studied the role of antineutrinos in T2K to discover CP violation in the leptonic sector. We have shown that in T2K the main role of the antineutrinos is to remove the wrong octant solutions. For the parameter space where there is no wrong octant solution, pure neutrino run of T2K gives the best CP sensitivity. The scenario is different for NOνA. For NOνA, due to some additional synergy addition of antineutrinos help in the CP sensitivity even when octant is known. To overcome this problem of T2K we propose that let T2K run in the dominant neutrino mode while the antineutrinos from other experiments can compensate the antineutrino runs of T2K. We have demonstrated this for the experiment NOνA and ICAL. In our analysis we find that when data from NOνA and ICAL is added to T2K, best CP sensitivity can be obtained from T2K if it runs in dominant neutrino mode. Though we have shown our results for θ 23 = 39 • and 51 • , our conclusion remains same for all the other values of θ 23 . The The results obtained in this work are important to design the future runs of T2K. For more details we refer to 11 on which this work is based upon.
